INTRODUCTION
The remote field eddy current (RFEC) technique [1] , [2] is widely used as a nondestructive evaluation tool for inspecting metallic pipes and tubing. Essentially, the RFEC phenomenon can be observed when an AC coil is excited inside a conducting tube (see Fig. 1 ). The RFEC signal can be sensed by a pick-up coil located 2-3 diameters away from the excitation coil. The signal is closely related to the tube wall condition, thickness, permeability, and conductivity. Particularly the signal phase is approximately linearly related to the tube wall thickness.
The RFEC technique is characterized by its sensitivity to both inner diameter (ill) and outer diameter (OD) defects, its insensitivity to probe wobble or lift-off. The technique is also not limited by the penetration depth, which has traditionally been a major disadvantage in conventional eddy current testing of ferromagnetic materials. However, the underlying physics of the RFEC phenomena was not well understood until mid 80's. The Finite Element (FE) modeling of RFEC revealed some fundamental electromagnetic field characteristics around an RFEC probe inspecting a pipe [3] , [4] . Fig. 2 shows some of the basic characteristics of the RFEC effect. There are two curves representing the logarithm of signal magnitude and the signal phase angle as functions of the distance between the excitation and the pick-up coils. There are apparently two distinct regions. In the near field the signal magnitude attenuates exponentially, while the phase is almost a constant of close to -90°. In the remote field region the magnitude attenuation rate is significantly reduced, while the phase is a constant, but different from that in the near field. The phase difference is approximately proportional to twice the wall thickness. In the transition zone between the two regions, there is a rapid change in the magnitude attenuation rate and the phase value.
Review of Progress in
The exponential attenuation of signal magnitude can be easily explained by the existence of the induced eddy currents inside the tube wall. The eddy current serves to restrict the flux from its expanding axially. The -90° constant phase is explained directly by Faraday's law. In fact, for the quasi-static case induced voltage in the pick-up coil is given by
which is leads the excitation current I by 90°. However, the question that needs to be addressed in the RFEC technique is the relation of the phase difference between signals of remote and near fields to the tube wall conditions.
phase angle FE modeling studies [3] , [4] have served to explained the phenomena using the field and Poynting vector patterns in the RFEC field (Fig. 3) . The plot shows that the energy released from the excitation coil travels twice through the tube wall, from inside to outside in the near field and from outside to the inside in the remote field. The relationship of the signal phase delay to the tube wall conditions, as well as the linear relationship of the measured signal phase differences and the depths of circumferentially oriented defects in the pipe wall can also be explained.
In spite of the above efforts, there are still some unclear issues in the underlying physics of the RFEC phenomena. Among them the difference in signal responses of an RFEC probe to circumferential and axial defects [4] is of great interest and significance, particularly in the applications of the RFEC technique to the inspection of axial defects, such as stress corrosion cracks. In general, the RFEC probe has much less sensitivity to axial defects than to circumferential defects in ferromagnetic pipe wall (Fig. 4) . Simulation of an RFEC probe in a pipe with axial cracks requires a 3D FE model, which is much more complicated than the case of circumferential cracks, where an axisymmetric code is adequate. Difficulties in three dimensional modeling of an RFEC phenomenon are due to the 4-variables-per-node memory requirement, and also due to size of the defect relative to the pipe geometries which results in a very fine discretization and consequently large number of mesh elements. The dense FE mesh elements is also required to account for the large gradient in the field values measured in the field from near to remote region.
SIMPLIFIED 2D MODELS
Some simplified 2D models were used at first to model the RFEC responses to axially aligned defects [5] , [6] with the following assumptions:
1. Both the pipe and the defect are infinitely long in the axial direction. The first FE model used is based on an H-formulation where H is the magnetic field intensity [5] considering that the vector H has only an Hz component. Under the above assumptions the governing equation of the problem reduces to the following equations:
where n is the volume of pipe wall, r 2 is the pipe inner surface and 82 is the area surrounded by r 2.
A second model using the A, v -A formulation with two components of the vector potential A [6] was also developed.
The simplified 2D models have helped to provide a better understanding of the RFEC responses to axially oriented defects [6] . The results obtained from the two models are compared with experimental test data and are illustrated in Fig. 6 . pipe wall 
3D MODELING OF RFEC PHENOMENA USING AN A, v-As-", FORMULA nON
The major limitation of the 2D models is that the defect axial dimension, which has a significant effect on the probe response, cannot be considered. Therefore, for a complete and precise understanding of the underlying physics, an efficient and accurate 3D model is eventually needed.
The A, v-As-", formulation was chosen as a feasible candidate for the eddy current problem. A magnetic vector potential A and a electric scalar potential v is used in the conducting region, except the source current region, of the problem (four variables per node), and a scalar magnetic potential '" is used in the nonconducting region (one variable per node) for ensuring minimal requirement of computer memory. ill the source region the magnetic vector potential As is also used, instead of using the reduced magnetic scalar potential <1>, to avoid the complexity related to discontinuity of field variables. The governing equation set in this case becomes:
where n D ns and n" are conducting, source and air regions, respectively. Crack Depth/Wall Thickness .8 10 Fig. 6 Comparison of simplified 2D modeling results with experimental test data.
PC IMPLEMENTATION REQUIREMENTS AND NUMERICAL TECHNIQUES USED
A 3D code used for analyzing the RFEC phenomena was developed on a 486DXl33 personal computer with 16 MB memory and limited hard disk space. The major problems in this work were related to the techniques for global matrix solution. Direct methods require too much memory whereas iterative methods take too much time and sometime result in convergence problem. Consequently the following two techniques were used to realize a PCbased program:
1. Frontal method [7] with a modification for dealing with the varying number of variables per node associated with different solution regions.
2. Substructure-frontal method [8] with a primary region, where the field solutions are of interest and are stored after matrix inversion, and one or more secondary regions, where the field solutions are not required and matrix coefficients are therefore not stored after elimination process.
Computer results for the simulation of the RFEC phenomena using the different techniques are summarized in Table 1 .
SIMULATION RESULTS
Two defects of 31.5 mm width, 102 mm length and 100% depth with circumferential and axial orientations in a steel pipe are simulated. The parameters for the steel pipe are: conductivity cr = 6.7x 10 6 slo., relative permeability J.4-= 250, OD = 108 mm, ID = 98 mm and frequency f = 40 Hz. Fig. 7 gives magnitude and phase variations of Bz as a function of the excitation coil to pick-up coil distance for the circumferential defect case. Fig. 8 . provides a comparison of the RFEC probe responses to defects of different orientations. Fig. 9 . illustrates 
CONCLUSION
Three dimensional modeling of RFEC phenomena has been realized on a 486DXl33 PC by using an A,v-As-'I' formulation, frontal technique and substructure method. Simulation results show differences between signals from defects of axial and circumferential orientation.
